Bovine herpesvirus type 5 (BoHV-5) and bovine herpesvirus 1 (BoHV-1) are two closely related viruses. However, BoHV-5 is responsible for fatal meningitis in calves, while BoHV-1 is associated with infectious rhinotracheitis in cattle, and the mechanism by which the two viruses cause different symptoms is not well understood. In this study, we identified 11 microRNA (miRNA) genes, encoded by the BoHV-5 genome, that were processed into 16 detectable mature miRNAs in productive infection as determined by deep sequencing. We found that 6 out of 16 miRNA genes were present as two copies in the internal repeat and terminal repeat regions, resulting in a total of 17 miRNA-encoding loci distributed in both DNA strands. Surprisingly, BoHV-5 shared only one conservative miRNA with BoHV-1, which was located upstream of the origin of replication. Furthermore, in contrast to BoHV-1, no miRNAs were detected in the unique short region and locus within or near the bovine infected-cell protein 0 and latency-related genes. Variations in both the 59 and 39 ends of the reference sequence were observed, resulting in more than one isoform for each miRNA. All of the 16 miRNAs were detectable by stem-loop reverse transcriptase-PCR. The miRNAs with high read numbers were subjected to Northern blot analysis, and all pre-miRNAs and one mature miRNA were detected. Collectively, the data suggest that BoHV-5 encodes a different pattern of miRNAs, which may regulate the life cycle of BoHV-5 and might account for the different pathogenesis of this virus compared with BoHV-1.
INTRODUCTION
Bovine herpesvirus 5 (BoHV-5) and bovine herpesvirus 1 (BoHV-1) are two closely related viruses that belong to the subfamily Alphaherpesvirinae, genus Varicellovirus (Roizmann et al., 1992) . Both viruses are capable of establishing life-long latency in the trigeminal ganglia of cattle, which act as the natural host, and reactivate periodically upon environmental, physical or hormonal stimulation (Del Médico Zajac et al., 2010; Meyer et al., 2001; Vogel et al., 2003) . Clinically, BoHV-1 is associated with a disorder of the upper respiratory tract (known as infectious bovine rhinotracheitis), conjunctivitis, genital inflammation, abortion and immune suppression in cattle, while BoHV-5 is strongly associated with fatal meningoencephalitis in calves (Belknap et al., 1994; Jaber et al., 2010) . Outbreaks of BoHV-5 related meningoencephalitis have been documented in Australia, North and South America, and Europe (Barenfus et al., 1963; Bartha et al., 1969; Carrillo et al., 1983; French, 1962) . BoHV-5 continues to be one of the major cattle problems in South American countries, especially in Brazil and Argentina (Cardoso et al., 2013; Maidana et al., 2011; Rodríguez et al., 2012) .
In a rabbit seizure model, BoHV-5 and BoHV-1 are distinguished by their differential neuropathogenesis (Chowdhury et al., 1997) . When inoculated intranasally, BoHV-1 was unable to invade the brain and no typical neurological signs developed, but BoHV-5 was capable of transporting anterogradely via the olfactory pathway to the central nervous system, resulting in severe neurological signs, such as seizure, in infected rabbits (Lee et al., 1999) .
The genomes of BoHV-5 strain SV507/99 and BoHV-1 strain NVSL 97-11 are linear dsDNA molecules of 138 390 bp and 134 896 bp, respectively. Both genomic DNAs encompass unique long (UL) and unique short (US) regions, and the latter is flanked by the internal repeat (IR) and the terminal repeat (TR) (d 'Offay et al., 2013; Delhon et al., 2003) . The two viruses share approximately 82 % amino acid sequence identity, and BoHV-5 encodes the full counterpart of the genes of BoHV-1 (Delhon et al., 2003) . The major difference between the BoHV-5 and BoHV-1 genomes exists in the latency-related (LR) gene in both coding and transcriptionally regulatory regions (Delhon et al., 2003) . Due to antigenic similarity, vaccines derived from BoHV-1 and BoHV-5 are capable of conferring full cross-protection against experimental challenge by each virus (Anziliero et al., 2011; Del Médico Zajac et al., 2006) . MicroRNAs (miRNAs) are a class of small non-coding RNAs of about 22 nt (Bartel, 2004) . Although the detailed biogenesis of miRNAs is very complicated, the main processes include: (i) transcription of a primary miRNA (pri-miRNA) containing a hairpin structure and a loop, (ii) liberation of the hairpin-shaped precursor miRNA (pre-miRNA) by RNase III Drosha, and (iii) cleavage of the terminal loop by the cytoplasmic RNase III Dicer to generate a small RNA duplex (miRNA-5p/miRNA-3p) after translocation from the nucleus, and finally the mature miRNA is incorporated into the Argonaut protein to form a functional RNA-induced silencing complex (Kim et al., 2010) . By complete or partial hybridization, miRNAs induce target mRNA degradation and/or translational repression, and thus they play crucial roles in the regulation of growth, differentiation, metabolism, disease and the immune response (Bartel, 2009 ).
The first miRNA was discovered in the nematode Caenorhabditis elegans, and was subsequently recognized in plants and animals (Jones et al., 1999; Lee et al., 1993; Pasquinelli et al., 2000) . The first viral miRNA was identified from Epstein-Barr virus (EBV), a gamma herpesvirus (Pfeffer et al., 2004) . Using computational and high-throughput sequencing analysis, alphaherpesvirus-encoded miRNAs were reported, including human herpesvirus 1 (HSV-1), HSV-2, BoHV-1 and suid herpesvirus 1 (SHV-1) (Cui et al., 2006; Glazov et al., 2010; Tang et al., 2008; Umbach et al., 2008; Wu et al., 2012) . The common features of alphaherpesvirus-encoded miRNAs are: (i) they are usually clustered in the genome, (ii) they usually overlap with the LR gene or are in adjacent regions, and (iii) they are encoded in both the positive and negative strands.
As genetically and antigenically related viruses, BoHV-5 and BoHV-1 cause distinct symptoms in cattle, but the detailed mechanism of this has not been completely determined. Although coding genes, such as gE and US9, play critical roles in neuronal transport, the exchange of these genetic elements between the viruses did not cause development of signs similar to the WT virus (Chowdhury et al., 2000) . In this study, the BoHV-5-encoded miRNAs were identified by high-throughput sequencing, and verified by stem-loop reverse transcriptase (RT)-PCR and Northern blotting. These miRNAs were also compared with that of BoHV-1, and the biological significance of the differences are discussed.
RESULTS

Analysis of small RNAs by deep sequencing
Confluent Madin-Darby bovine kidney (MDBK) cells were infected with BoHV-5. At 2, 4, 6, 9, 12, 15 and 18 h postinfection (h p.i.), cells were harvested and the total RNA was isolated and analysed by Solexa sequencing. A total of 16 513 466 reads ranging from 18 to 30 nt in length, representing 291 178 distinct sequences, were detected, and 13 561 163 (82.1 %) reads were matched perfectly either to the bovine genome sequence (Bos Taurus UMD3.1) or to the BoHV-5 genome (GenBank accession no. NC_005261.2). Similarly, 13 033 468 reads from 308 117 sequences were detected in mock-infected MDBK cells and 10 529 643 (80.8 %) reads were perfectly matched to the bovine genome sequence. About 79.2 % of small RNAs (sRNAs) in BoHV-5-infected and 95 % sRNAs in mock-infected MDBK ranged from 20 to 24 nt, most of which had a 59 A or U (Fig. 1a, c) . Of the total reads, 82.9 % were mapped to the miRNA hairpin structures, and the proportions for non-coding RNA (ncRNA), mRNA, repeat and unclassified were 1, 0.5, 2 and 14 %, respectively (Fig. 1b) . In the case of the MDBK cell control, the respective percentages were 84, 1, 1, 7 and 7 % (Fig. 1d) .
Analysis of BoHV-5-encoded miRNAs MIREAP software was utilized to predict novel viral miRNAs. A total of 11 miRNA genes at 17 loci were mapped to the BoHV-5 genome sequence, in which six miRNA genes had two copies in the repeat regions (IR and TR). Noticeably, several pre-miRNAs encoded two different mature miRNAs, of which one was on the 59 end and another on the 39 end. Detailed sequences, loci, read numbers and orientations of these miRNAs are shown in Table 1 . The most abundant miRNA was bhv5-miR-B10, with a read number of 996 for bhv5-miR-B10-5p and 111 for bhv5-miR-B10-3p.
Conservation in BoHV-5 and BoHV-1
Previously, 10 miRNA genes, 14 miRNA-encoding loci and 12 mature miRNAs were identified in BoHV-1 in lytic infection (Glazov et al., 2010) . Two miRNAs, LRmiR1 and LRmiR2, encoded in the LR gene of BoHV-1, were detected in latent infection in the trigeminal ganglia and function as suppressors for bovine infected-cell protein 0 (bICP0) (Jaber et al., 2010) . The relative loci of miRNAs from BoHV-5 and BoHV-1 are aligned in Fig. 2 (a) and (b), respectively. Surprisingly, there was only one conserved miRNA shared by the two viruses (bhv5-miR-B10 and bhv1-miR-B8) with 90 % sequence identity, and most miRNAs were not conserved. Both bhv5-miR-B10 and bhv1-miR-B8 were located upstream of the origin of replication (oriS), and both miRNAs possessed the highest read number in lytic infection. However, bhv5-miR-B10 was on the negative strand of the BoHV-5 genome, and bhv1-miR-B8 was on the positive strand of the BoHV-1 genome. Furthermore, LRmiR1 and LRmiR2, which are encoded by BoHV-1 in vivo, were not detectable in the acute infection of BoHV-5 in vitro. Other distinct differences were that: (i) unlike in BoHV-1, no miRNAs were mapped to the either the oriS or the US region of BoHV-5, and (ii) compared with BoHV-1, no miRNAs were mapped within and/or adjacent to the bICP0 or LR gene of BoHV-5. (Morin et al., 2008) . Recently, we reported isomiRs in pseudorabies virus-encoded miRNAs (Wu et al., 2012) . In this study, all BoHV-5-encoded miRNAs exhibited terminal variation in both the 59 and 39 ends. For example, the miR10 pri-miRNA sequence was 77 nt, located between nt 112 503 and 112 759 in the BoHV-5 genome (GenBank accession no. NC_005261.2). The pri-miRNA encoded bhv5-miR-B10-5p and bhv5-miR-B10-3p in the 59 and 39 ends, respectively. The read number of the bhv5-miR-B10-1-5p reference sequence was 996, while that of bhv5-miR-B10-1-3p was 111. Furthermore, bhv5-miR-B10-1-5p had five isomiRs and bhv5-miR-B10-1-3p has eight isomiRs (Fig. 3) , indicating an interesting pattern of mature miRNAs in members of the subfamily Alphaherpesvirinae.
Isoforms of BoHV-5 miRNAs
Identification of BoHV-5 miRNAs by stem-loop RT-PCR
Using the primers listed in Table S1 (available in the online Supplementary Material), a stem-loop RT-PCR was carried out to validate the expression of viral miRNAs in infected MDBK cells. The amplified fragments were about 65 bp. After cloning these PCR fragments into the pMD18-T vector and sequencing, 16 mature miRNAs were verified (Fig. 4a ). Although the gel shows a slight distortion, several miRNA bands were present and consistent with the size of the miRNAs in Table 1 .
Detection of BoHV-5-encoded miRNAs by Northern blot analysis
To further verify the expression of miRNAs in lytic infection, viral miRNAs displaying higher expression levels were selected for assay by Northern blotting. The pre-miRNAs of miR-B4, miR-B7, miR-B9, miR-B10 and miR-B11 were detected (Fig. 4b ). The blot pattern shows one band for the pre-miRNAs of miR-B4 and miR-B10 but two bands for miR-B7, miR-B9 and miR-B11, which indicated that these miRNAs might be generated by different mechanisms. One mature miRNA, miR-B10, was recognized, which was consistent with the high read number of miR-B10 in Table  1 . This result suggested that miR-B10 was actively expressed in lytic infection, while other miRNAs were expressed at a relatively low level at the same time points during infection. Distribution of miRNAs in the BoHV-1 genome, which was adapted from published data (Glazov et al., 2010) with some modifications. LR miR1 and LR miR2 are also included, which span from nt 100 234 to 100 255, and from nt 100 300 nt to 100 323, respectively, in the BoHV-1 genome sequence, and were detected in the trigeminal ganglia of cattle with latent infection (Jaber et al., 2010) .
DISCUSSION
Until now, out of more than 30 known mammalian alphaherpesviruses, only five -HSV-1 and HSV-2, herpes B virus, BoHV-1 and SHV-1 -have been found to express miRNAs (Jurak et al., 2011) . It is interesting that no miRNA was found in varicella-zoster virus (VZV), a prototype virus of the genus Varicellovirus, which contains BoHV-5, BoHV-1 and SHV-1, when the VZV genome was analysed (Jurak et al., 2011) . Although they are very close in terms of genome sequence and amino acid sequence, BoHV-5 and BoHV-1 differ substantially in their pathogenicity. BoHV-5 infection results in meningitis in calves, while BoHV-1 causes infectious rhinotracheitis in cattle. Previously, the concept that miRNAs may play important roles in the biological differences between BoHV-5 and BoHV-1 was postulated (Mahony, 2010) ; however, miRNAs encoded by have not yet been verified experimentally. In this study, 16 miRNAs encoded by BoHV-5 were identified through deep sequencing and bioinformatical and experimental methods. miRNA expression profiles of BoHV-5 and BoHV-1 were compared to analyse the genetic differences bewteen the two viruses.
Previously, miRNAs encoded by BoHV-1 were identified and compared with five other viruses in the genus Varicellovirus (Glazov et al., 2010) . There were no significant similarities in miRNAs encoded by BoHV-1 and other alphaherpesviruses, but nine sites were highly conserved among BoHV-1 and miRNA genes of BoHV-5 (Glazov et al., 2010) . In this study, we compared the identified miRNAs of BoHV-5 with those of BoHV-1 after deep sequencing and experimental assays. Surprisingly, there was only one conserved miRNA (bhv1-miR-B8 and bhv5-miR-B10) between BoHV-1 and BoHV-5. The putative homologues of other miRNAs in BoHV-1 were not detectable in deep-sequencing data and experimental results (Table 1 and Fig. 2 ).
We also found that in both viruses there were several miRNAs located in the UL region, and some of them were perfectly complementary with or in the same strand as coding genes, which is consistent with the reported miRNA genes in BoHV-1 that are expressed from both positive and negative strands (Glazov et al., 2010) . For example, the sequence of UL30 encodes a subunit of viral DNA microRNAs encoded by the BoHV-5 genome polymerase, but the locus also encodes bhv5-miR-B2 on the positive strand and bhv1-miRB1 on the negative strand. Even though bhv5-miR-B2 exists in the same strand and shares the same orientation with UL30, it is possible that they are transcribed independently, because UL30, unlike the LR gene, does not harbour any introns (d 'Offay et al., 2013; Delhon et al., 2003) . This is similar to the DNA polymerase in the case of EBV (Barth et al., 2008) . In addition, a proportion of BoHV-5-and BoHV-1-encoded miRNAs are located in the repeat regions, which seems to be a common feature of herpesviruses. The biological significance of this redundancy is not known.
As a consequence, taking into account that the degree of contribution of protein-coding genes of BoHV-5 and BoHV-1 to the differential pathogenesis is not known, the presence of the multiple/divergent miRNA expression pattern implies a more complex mechanism of differential pathogenesis of BoHV-5 and BoHV-1, because miRNAs usually interfere with mRNA translation and stability, resulting in reduced protein expression (Bartel, 2009) . For example, the bICP0 and LR genes are actively expressed in lytic and latent infection, respectively, and miRNAs within and/or adjacent to these genes are found to exist in the BoHV-1 genome (Jaber et al., 2010) but are absent in the same loci in the BoHV-5 genome, suggesting a different regulatory network in the viral life cycles. The differences in miRNAs might contribute to the differential pathogenicity, but this hypothesis needs to be proven.
In summary, we identified BoHV-5-encoded miRNAs by deep sequencing, bioinformatic analysis and experimental methods, and compared them with previously reported miRNAs encoded by BoHV-1. The BoHV-5 genome encodes a different pattern of miRNA profile in lytic infection compared with BoHV-1. These data provide some clues, in addition to the coding proteins, to understand the genetic basis for the differential pathogenesis of the two viruses.
METHODS
Cells and viruses. MDBK cells were purchased from the China Institute of Veterinary Drug Control and maintained in Dulbecco9s Modified Eagle9s medium (DMEM) (Gibco) supplemented with 5 % inactivated FBS (Gibco) plus penicillin (10 U ml 21 ) and streptomycin (100 mg ml 21 ).
The WT BoHV-5 strain (TX-89) was a generous gift from Dr Chowdhury (Louisiana State University School of Veterinary Medicine). Virus propagation and titration were performed as described previously (Chowdhury et al., 2000) . Table S1 . (b) Northern blots of selected BoHV-5 miRNAs. Twenty micrograms of total mixed RNA from the above-mentioned time points post-infection were separated on a 15 % denaturing polyacrylamide gel containing 8 M urea, transferred to a membrane and hybridized using miRNA-specific radiolabelled probes (Table S2) . Mixed RNA was electrophoresed in eight lanes; the first seven lanes were hybridized with a specific BoHV-5 miRNA probe, and the last lane was hybridized with a 30 nt U6 probe (Glazov et al., 2010) with modifications (Table S2) for U6 small nuclear RNA, which served as a loading control. RNA from mock-infected MDBK cells served as a blank control, which was hybridized with mixed BoHV-5 miRNA-specific probes listed in Table S2 . The result shown is representative of three independent experiments. Marker, RNA molecular marker.
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RNA isolation and sequencing. MDBK cells were infected with BoHV-5 at an m.o.i. of 10, with mock-infected MDBK as a control. At 2, 4, 6, 9, 12, 15 and 18 h p.i., the cells were harvested, and RNAs were extracted from each flask after Trizol (Invitrogen) treatment. RNAs from all above-mentioned time points were mixed together, and a total of 10 mg mixed RNA was submitted to the Huada Genomics Institute for Solexa sequencing of sRNAs. Mixed RNA was also used for stem-loop RT-PCR and Northern blot assays.
Stem-loop RT-PCR. Stem-loop RT-PCR was performed for the mixed RNA from different time points with a previously described method (Pfeffer et al., 2005; Varkonyi-Gasic & Hellens, 2011) , using the primers listed in Table S1 . The reaction conditions were as follows: pre-denaturing at 95 uC for 5 min and 40 cycles of denaturing at 95 uC for 20 s, annealing at 60 uC for 20 s and extending at 72 uC for 20 s, followed by elongation at 72 uC for 5 min.
Data sources. The BoHV-5 genome sequence was downloaded from the NCBI database (http://www.ncbi.nlm.nih.gov/). Bovine sequences were downloaded from the UCSC database (http://genome.ucsc.edu/ goldenPath/credits.html), and the annotated bovine miRNAs were from miRBase (http://www.mirbase.org/). The known ncRNAs (only considering rRNA, tRNA, small nuclear RNA and snoRNA) were obtained from the Rfam database (http://rfam.sanger.ac.uk/).
Bioinformatic analysis of sRNAs. The sRNA sequencing reads were produced by an Illumina Genome Analyser. The sequence reads went through a data cleaning procedure as previously described (Wu et al., 2012) . Novel miRNAs were predicted by MIREAP software (http:// sourceforge.net/projects/mireap/).
Northern blotting. Northern blotting was performed for the mixed RNA from different time points as described previously (Wu et al., 2012) . Briefly, 20 mg total RNA was mixed with RNA loading buffer (Ambion), and electrophoresed in a denaturing 15 % polyacrylamide gel containing 8 M urea. The gel was electrophoresed for 20 min prior to RNA loading, followed by 2 h electrophoresis at 100 V. The separated RNA was then transferred from the gel to a Hybond-N + nylon membrane (GE) and cross-linked using UV light. DNA probes with sequences complementary to miRNAs (Table S2) were endlabelled with [c-32 P]ATP. Membranes were pre-hybridized with Perfect Hyb Hybridization Solution (Toyobo) for 1 h at 42 uC and then hybridized to radiolabelled probes overnight. The hybridized blots were washed three times in 26 SSC buffer with 0.1 % SDS at 42 uC for 15 min and then exposed for 48 h U6 served as loading control and with mock-infected MDBK cells as a negative control. Finally, signals were detected using a cyclone storage phosphor system (Fujifilm, FLA 5100).
